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ABSTRACT 
This paper presents a multi-criteria based approach for nondestructive diagnostic structural 
integrity assessment of a decommissioned flatbed rail wagon (FBRW) used for road bridge 
superstructure rehabilitation and replacement applications. First, full-scale vibration and 
static test data sets are employed in a FE model of the FBRW to obtain the best ‘initial’ 
estimate of the model parameters. Second, the ‘final’ model parameters are predicted using 
sensitivity-based perturbation analysis without significant difficulties encountered. 
Consequently, the updated FBRW model is validated using the independent sets of full-
scale laboratory static test data. Finally, the updated and validated FE model of the FBRW 
is used for structural integrity assessment of a single lane FBRW bridge subjected to the 
Australian bridge design traffic load.  
 
Keywords: Flatbed rail wagon; Multi-criterion; FE model updating; Vibration tests; Static 
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1. INTRODUCTION 
 
In recent years, the adoption of disused (or decommissioned) flatbed rail wagon (FBRW) 
systems as a low cost alternative solution for low-volume, high-axle load road bridge 
rehabilitation and replacement applications due to their cost-effectiveness and 
environmental credentials has attracted some interest (Doornink et al, 2003). However, the 
use of such existing large structural systems with potentially degraded structural states 
presents new challenges that need to be overcome before these structural systems can be 
realised for real-life applications. One of the main challenges is to establish an updated FE 
model for the current structural condition state of the FBRW system, which can be used in 
the structural integrity assessment for its minimum acceptable level of safety and for load 
rating. Generally, the presence of any structural degradation modifies the structural 
stiffness, which in turn alters the structure response characteristics, particularly the 
vibration responses including the modal properties and the frequency response functions; 
the static responses (e.g., displacements) are also affected. Since these response parameters 
represent ‘global’ characteristics of the structure, the measured changes in the in-service 
response characteristics of these structures can be utilised for the assessment of their 
current structural condition state.  
 
Full-scale experimental testing and finite element modeling techniques are extensively used 
for the characterisation and evaluation of structural integrity of in-service bridge structures 
with varying degrees of success (Alaylioglu & Alaylioglu, 1996; Salawu & Williams, 
1995; Farrar et al, 1994). In most cases, proof/ performance load testing techniques along 
with the dynamic response measurements, reliability techniques and finite element 
modelling are the most widely adopted methods for real-life bridge condition monitoring, 
load carrying capacity assessment and load ratings (Samali et al, 2007; Haritos et al, 2000; 
Heywood et al, 1999; Lenett et al, 2001; Melchers, 2001; Chajes et al, 2000; Cho et al, 
1998). Vibration-based methods are employed frequently for the assessment of the current 
structural condition states (Doebling et al, 1996; Sohn et al, 2004; Choi et al, 2008; Huynh 
et al, 2005).  
Moreover, finite element (FE) model updating techniques have been widely employed for 
the structural parameter identification as well as the structural condition monitoring 
(Friswell & Mottershead, 1995; Torkamani & Ahmadi, 1998; Jaishi & Ren, 2007; Xia & 
Brownjohn, 2003; Brownjohn et al, 2003; Teughels et al, 2003; Xia & Hao, 2003; Bayissa 
& Haritos, 2009). Updating of a theoretical model using both experimental and model 
based knowledge is crucial in order to minimize modelling and other sources of 
uncertainties. The updated and validated theoretical models can then be used reliably for 
non-destructive assessment of the current structural condition states and also can be 
employed for projects where full scale repeat testing is not feasible. 
Despite the existence of a large volume of literature on the experimental testing and the 
theoretical model updating conducted on in-service bridge systems, there is no readily 
available method for assessing the risks with regard to the use of disused and potentially 
degraded complex structural systems for heavy axle load bridge applications. There exists 
gaps in knowledge on full-scale experimental testing and FE model updating conducted 
with a view to examining the fitness of real-life disused structural systems from one 
application for adoption into structures of other forms of application; this paper reports part 
of a research project carried out to fill these gaps in the knowledge.   
 
2. THEORETICAL BACKGROUND 
 
In this study, updating (or tuning) of the FE model and subsequent estimation of the current 
structural condition state of an FBRW bridge deck is conducted in the context of sensitivity 
analyses and by way of direct model parameters perturbation. The proposed FE model 
updating technique is based on a multi-criteria approach consisting of two-steps. In the first 
step, the ‘best’ initial values of the current FBRW stiffness parameters are estimated using 
the datasets of the static and vibration tests conducted on the current (or degraded) full 
scale FBRW and the ‘initial’ FE model of the pristine (or undamaged) FBRW system. 
Visual inspection and localised nondestructive tests (NDT) have been conducted to assess 
the weld quality and loss of material thickness of the FBRW components due to corrosion; 
these data are also taken in to account in the estimation of the ‘best’ initial model parameter 
values.   
In the second step, the updated FBRW parameter values are obtained using the sensitivity-
based parameter perturbation analysis along with the test data from both the static and 
vibration tests, the initial stiffness parameter values obtained during the first step and the 
sound analytical relationships between structural stiffness degradation and static and 
vibration structural response parameters. 
 
2.1 FE Model Updating Algorithm 
 
In this study, sensitivity-based parameter perturbation technique is employed for multiple 
FE re runs of the FE model without the knowledge of system matrices to determine the 
estimated values of the updated structural parameters. 
 By minimising the residual vector function EAr  with respect to P∆ , the updated parameter 
values can be obtained. The objective function is defined as the weighted squared sum of 
the residual vector, as follows (Collins et al, 1974; Brownjohn et al, 2003):  
 
( ) ( ) ( ) ( )( )TuAERuAETEAREAEA PP )(RR)(RRminrrminP,,rJ 1P1P −−==∆ −− ΣΣΣ                        (1) 
where EAr  is the residual vector given by the difference between the experimental and 
analytical responses, )(RRr PAEEA −= . ER  and AR  are  the experimental test and 
analytical model response vectors (static and vibration tests) of the FBRW bridge system, 
respectively. P∆ represents the changes in the updating parameters, 0u PPP −=∆ ; in which 
uP  and 0P  are the updated and the current FBRW parameter vectors, respectively. )(R uA P  
is the model response evaluated at uPP = , where PR)(R ∆+= SAuA P . S  is the sensitivity 
matrix. P  is the vector of the structural parameters, TnpPP ]...[P 1= , in which np  is the 
number of parameters employed for FE model updating. Σ  is the experimental covariance 
matrix; ( ).J  is the objective function.  
 
By substituting )(R uA P  in Equation (1), ( )ΣP,,rJ ∆EA  can be obtained, as in equation (2). 
( ) ( ) ( )( )TAERAEEA PRRPRRminP,,rJ 1P ∆−−∆−−=∆ − SΣSΣ               (2) 
By minimising ( ).J  with respect to P∆ , the updated parameter values can be obtained as in 
Equation (3): 
[ ] 0 ,11 rPPPP iEARTiiRTiiiii ΣSSΣS −+ +=∆+=                 (3) 
where  
0PP
0 RRr
=
−= AEEA . In this study, ER  and AR  include both static (displacements, 
strains and static flexural stiffness) and vibration responses (natural frequency, mode 
shapes and dynamic flexural stiffness). 
 
2.1.1. Convergence criteria 
The iterative FE model analysis scheme presented above is undertaken until the multiple 
convergence criteria are satisfied for both the static and the vibration responses, i.e. both CCs 
and CCv are less than a specified tolerance. 
 
(i) Convergence criteria based on static responses: 
( )
sE
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,
,,
R
RR −
=                    (4) 
where sCC  is the convergence criteria based on static data. sE ,R and  sA,R are the FBRW 
static responses (displacements, strains and static flexural stiffness) obtained from the static 
tests and FE analysis, respectively. 
(ii) Convergence criteria based on vibration responses: 
( )
vE
vAvE
vCC
,
,,
R
RR −
=                    (5) 
where vCC  is the convergence criteria based on vibration response data. vE ,R  and vA,R  are 
the FBRW vibration responses (frequencies, dynamic flexural stiffness) obtained from the 
vibration tests and FE analysis, respectively. 
 
2.2. FBRW Model Updating Based on Vibration Test Parameters 
 
2.2.1. Modal frequency parameter 
In general, the structural equation of motion for a linearly vibrating damped multi-degree-
of-freedom system subjected to arbitrary excitation forces can be described as in Equation 
(6). (𝐌 + ∆𝐌)ü(𝑡) + (𝐂 + ∆𝐂)u̇(𝑡) + (𝐊 + ∆𝐊)u(𝑡) = F(𝑡)              (6) 
where M, C and K are the mass, damping and stiffness matrices, respectively, for a pristine 
structural system. ΔM, ΔC and ΔK are the changes or perturbations in the mass, damping 
and stiffness matrices due to possible degradation in structural condition. ü(𝑡), u̇(𝑡) and 
u(t)  are acceleration, velocity and displacement vectors, respectively; F(t)  is the excitation 
force vector.  
Changes in the dynamic physical properties in turn cause changes in the modal vibration 
properties, namely Eigen values and Eigen vectors of the structural system in pristine 
condition. Hence, Equation (6) can be re-written in the modal domain for an undamped 
system by considering the fact that changes in the structural dynamic properties also causes 
changes in the modal properties of the system, as in Equation (7). 
 
( ) ( )( ) ( )   0 λ λ φ φ − + ∆ + + ∆ = K +ΔK M ΔM                (7) 
where  λ  and φ  are the Eigen values and Eigen vectors for the pristine condition state, 
respectively. 2λ ω= , where ω  denotes the vibration frequency in radians. λ∆  denotes 
changes in the Eigen values; φ∆  denotes the changes in the Eigen vectors (or the mode 
shapes). By utilizing the orthogonality properties of the modal parameters and the 
relationships between the pristine and the degraded structural physical and modal 
properties, and by pre-multiplying Equation (7) by the transpose of the Eigen vectors ( )Tφ , 
the equations in Equation (8) can be obtained. 
 
( ) ( ) ( )
( ) ( ) ( )
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By neglecting higher order terms in Equation (8) and by ignoring the effects of changes in 
the structural mass matrices, the changes in the stiffness can be described in terms of the 
natural frequencies obtained from the pristine and degraded structural condition states, as in 
Equation (9). 
( )T T T Tφ φ λ φ φ φ φ λφ φ λ= ∆ + + ≅ ∆ΔK M ΔM ΔM              (9) 
 
Moreover, the stiffness degradation matrix can be described in terms of the pristine 
structural element stiffness matrix, as in Equation (10). 
 
( )
1
1
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e
j j
j
kd
=
∆ = −∑K K            (10) 
where ejK  is the stiffness matrix of the element (substructure) j  that contributes to  
the overall stiffness matrix (mainly comprises the material stiffness and geometric 
properties); nd  is the number of degraded elements; jkd  is the stiffness degradation 
indicator, K Ke ej j jkd = , where K
e
j  and  K
e
j are the element stiffness matrices for the 
pristine and the degraded elements e  in the substructure j , respectively. jkd values vary 
from 0 to 1, 0 1jkd≤ ≤ , in which jkd  equal to 1 indicates no loss of stiffness and jkd  
equal to 0 indicates a complete loss of stiffness. By substituting Equation (10) into 
Equation (9) and dividing by the stiffness matrix of the pristine structure, the relative 
stiffness degradation with damage factors incorporated at the element level can be obtained, 
as in Equation (13), 
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                              (11) 
 
where rΔK  is the relative stiffness degradation matrix; f and df   are the natural 
frequencies obtained from the pristine and the degraded structure, respectively. Hence, the 
stiffness degradation severity in the substructures of FBRW system (e.g., main box girder, 
longitudinal girders, cross-girders and folded plate deck elements – referred to as a 
substructure for simplicity in this section) can be defined as in Equation (12). 
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( )
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j j j d
k j ee e
j jj
EI E f fD k
E fEI
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                              (12) 
where 
jk
D  represents the degradation level in a substructure j . ( )ejEI  is the flexural 
rigidity for the pristine element e  in the substructure j ; ( )ejEI∆  is the change in the 
flexural rigidity of element e  in the substructure j . ejE∆  is the change in the material 
stiffness of element e  in substructure j ; ejE  is the material stiffness of the pristine element 
e  for substructure j .  Hence, the stiffness for the degraded condition can be obtained, as in 
Equation (13). 
( )
2 2
e e e e
j j j j21 j
d
k j
f fD k
f
d
 −
= − = ≅ − 
 
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Therefore, Equations (12) – (13) can be used to update the FE model through prediction of 
the degradation level and the current stiffness properties by employing the natural 
frequencies obtained from the vibration tests conducted on the current FBRW system and 
from the FE model analysis of the pristine FBRW system. The updating process is 
complete when the two frequencies df  and f  match closely and the value of rΔK  at 
which this convergence is attained is taken as the level of degradation present in the current 
structure.  
 
2.2.2. Modal flexural stiffness parameter 
The perturbation of the mass properties at a particular degree of freedom and subsequent 
vibration testing can be used to determine the structural stiffness for the degraded or current 
structural condition state based on the modal parameters obtained from the structure before 
and after additional mass is added (Li et al, 2005). First, Eigen equations before and after 
adding a lumped mass to the current structure at a particular degree of freedom are given as 
in Equations (14–15). 
[ ]1 1   0 λ φ− =K M                  (14) 
( )2 1( )  0 λ φ φ − + + ∆ = K M ΔM                           (15) 
Pre-multiplying both Equations (14–15) by the transpose of the eigenvectors obtained before 
additional mass, 1
Tφ , the following equations can be obtained as in Equations (16–17). 
1 1
1 1
1
   
T
T φ φφ φ
λ
=
KM                  (16) 
( ) ( )1 1 2 1 1 2 1 1 1 2 1 2 1   0 T T T T T Tφ φ λ φ φ λ φ φ φ φ λ φ φ λ φ φ− + + ∆ − ∆ + ∆ =K M ΔM K M ΔM           (17) 
By ignoring the terms associated with Δϕ in Equation (17) and inserting Equation (16) into 
(17), a simplified equation for estimation of the current structural stiffness can be obtained 
as in Equation (18). This idea of ignoring the terms associated with Δϕ needs to be "tested" 
by determining Δϕ associated with added mass and comparing the magnitude of the omitted 
terms and comparing these with those retained in the approximation. An experiment to 
‘test’ the approximation is described in Section 3.4. 
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2 2 2
1 11 2 1 2
1 1 1 1 2 2
1 2 1 2
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f f
λ λ π
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λ λ
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− −
K ΔM ΔM                    (18) 
where 1f  and 2f  are the first natural frequency of the structure (Hz) before and after 
addition of lumped mass, respectively. 1φ  is the mode shape obtained from vibration test 
before lumped mass is introduced.  Equation (18) is used to estimate the current structural 
stiffness of the FBRW and to assess the convergence characteristic of the updating process. 
 
2.3 FE Model Updating Based on Static Test Parameters 
 
2.3.1. Static displacement parameter 
In general, the static equilibrium equation for pristine and potentially degraded structures 
subjected to static load vectors is given as in Equations (19) and (20) respectively. 
 
u F  =K                   (19) 
( ) (u u) F  + ∆ =K +ΔK                 (20) 
where u  is the displacement response vector for the pristine structural condition state;  
u∆  is the change in u  due to possible degradation in the current structure; F  is the applied 
static load; ΔK  is the change in the stiffness matrix due to structural degradation.  
 
By substituting Equation (19) into Equation (20), the changes in the stiffness can be 
obtained as in Equation (21). 
K u u
K u u u
∆ ∆ ∆   − = −   + ∆   
=                 (21) 
where u  is the displacement response obtained from the current (or degraded) system, 
u u u∆ = − .  
Consequently, the level of degradation present in the current structural system can be 
predicted from the displacement response, as in Equation (22). 
( )
( )
( )
e e
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e e
jj
ΔEI ΔEK K u1 1
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          (22) 
Hence, the structural stiffness for the degraded condition can be obtained, as in Equation 
(23). 
( )e e e ej j j juK 1 K K 1 Kujk jD kd
∆ = − = ≡ + 
 
                           (23) 
 
For practical applications, the material stiffness parameter or the flexural rigidity parameter 
given in Equation (22) can be employed in Equation (23) for FE model updating purposes.  
 
2.3.2. Static flexural stiffness parameter 
In this study, the initial estimate for the static flexural stiffness of the FBRW system is 
directly obtained using a simple beam analytical equation, as in Equation (24). 
 
2 3
80
3 2 3
W48K 1 6 4s
EI a a
L L La d
 
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                        (24) 
where K s  is the static flexural stiffness; E  is the Young's modulus; I  is the moment of 
inertia; L  is the effective span length. 80W  is the static serviceability load; a  is the offset 
distance of 80W  load from the mid-span (which is 0.762m for the load test setup employed 
in this study for span L of 10.058m ); d  is the mid-span deflection due to 80W  
serviceability load; a  is the constraint factor related to support boundary conditions. 
 
3. EXPERIMENTAL TEST AND MODEL UPDATING OF FBRW COMPONENT 
 
3.1. Descriptions of Rail Wagon System 
In general, the FBRW structural system comprises a longitudinal main box girder, two 
cross box girders each acting as bolsters, six intermediate cross-beams welded to the central 
box girder on both sides, two secondary edge Z-beams, two minor bracing channels that run 
longitudinally in the vicinity of each of the two bolsters and four bracing channels welded 
to the edge beam and the main box girder on each side of the main box girder. A series of 
folded plate beams are employed to act as the decking system. The primary box girders and 
cross-beams are generally tapered. The geometry of the FBRW system investigated is 
shown in Figure 1(a)-(b)), more details about the FBRW system can be found in the 
literature (Dhanasekar & Bayissa, 2011). 
 
 Figure 1: Typical images of disused FBRW system: (a) top view; (b) bottom view. 
 
The effective span length between the two bolster centres is 10.058m. The FBRW system 
has also about 1.8m overhang portion beyond the bolster centres on each side. Hence, the 
overall end-to-end span length of the FBRW component is approximately 14.1m.  
 
The weld quality was found to be not consistent across the FBRW (see Figure 2(a)-(b)) and 
the member stiffness of the folded plate was insufficient to resist a single serviceability 
wheel load, for example, W80 specified in AS 5100.2, 2004.  As a result of these 
observations, the flexural and shear capacities of the decking system are considered 
significantly limited. Moreover, compared to the rail road flat cars (RRFCs) used in Iowa, 
USA as a low volume road superstructure (Doornink et al, 2003), the FBRW system 
employed in this research comprised fewer structural members of relatively lower stiffness 
that has warranted careful studies.     
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Figure 2: Enlarged view of FBRW structural components: (a) folded plate decks; (b) main 
structural members. 
 
3.2. FE Modeling of FBRW Component 
 
Updated FE modeling of the FBRW component is extensively employed for the 
determination of the structural response of a single FBRW system (i.e., half of a full bridge) 
as well as a single lane double FBRW bridge system. These two models have been 
developed for the purpose of inferring the response of the full width single lane bridge from 
half of the full bridge tested in the laboratory. First, a three-dimensional FE model of the 
single FBRW (half of full bridge) is modeled with tetrahedral solid element in the 
ABAQUS® commercial software.  
For a single FBRW component FE model, the number of nodes and elements used were 
178,011 and 552,154 respectively. Solid element sizes of 40mm and 20mm were adopted 
for the descretisation of the FBRW; finer elements were used near the openings. A single 
FBRW system under W80 concentrated loading in the laboratory and the corresponding FE 
model are shown in Figures 3(a) and (b), respectively.   
Poor weld quality 
Loss of structural 
stiffness 
(a) (b) 
Edge Z-beam  
Cross-beam  
 
Main box Girder 
    
 
 
 
 
 
Figure 3: Single FBRW component and its FE Model: (a) W80 load test setup; (b) FE 
model of an FBRW with W80 load applied near mid-span of the main box girder. 
 
The FBRW was supported on Trelleborg’s elastomeric bearing pads positioned under each 
of the two cross girders as well as under the two secondary edge Z-beams with an effective 
span length between the two bolster centres of 10.058m. The elastomeric pads themselves 
were attached to rigid concrete blocks (which were in turn resting on a strong floor).  
The elastomeric pads were modeled using the linear SPRING1 element in ABAQUS® 
connected between nodes of the FBRW and ground (rigid concrete blocks). The elastic 
properties of the elastomeric pads employed for FE modeling purposes were adopted from 
the manufacturer’s catalogue.  
A compressive stiffness of 550kN/mm/m obtained from the manufacturer’s catalogue for 
elastomeric bearing pad “Type O” with strip dimensions of 20mm (thickness) × 200mm 
(width) was employed. Consequently, for the elastomeric bearing pads used at each 
supports of the FBRW (i.e., strip dimensions of 20mm × 200mm × 350mm length), a total 
compressive stiffness of 192MN/mm per pad was employed for initial FE model analysis 
(a) (b) 
10.058m 
5.791m 
Elastomeric pad 
support locations 
2.59m 
Elastomeric pad 
support locations 
(b) 
conducted. Two pads were used at each of the two middle supports, and a single pad was 
placed at each of the four end supports (Figure 3). The nodal spring stiffness of the FBRW 
at each supports was obtained by dividing the total compressive stiffness of the elastomeric 
pads by the total number of nodes at each supports. 
Information regarding the state of the pristine FBRW was obtained from the structural 
drawings and design data provided by Queensland Rail, and subsequently used to develop 
FE model of the pristine FBRW. The following FBRW material mechanical properties were 
adopted for the initial FE model analysis: elastic modulus of 200GPa, density of 
7850kg/m3and Poison’s ratio of 0.3.  
 
3.3. Method Based on Static Testing and FE Model Updating 
 
For the FE model updating based diagnostic structural condition assessment study 
conducted, the static tests data obtained from the full-scale testing of the FBRW using W80 
serviceability load (AS 5100.2, 2004) are employed (Figure 3(a)). The W80 traffic load 
consists of a single wheel load distributed over a contact area 400 mm×250 mm that can be 
positioned anywhere on the bridge so as to causes the maximum adverse load effects. The 
applied W80 serviceability load was equivalent to 112kN (i.e., allowing for dynamic load 
factor and other traffic load factors) and the corresponding ultimate load was 201.6kN.  
 
In the case of FE model updating conducted using W80 load tests data, this W80 load was 
positioned on the main box girder at an offset distance of about 0.76m from the mid-span as 
shown in Figures 3(a)-(b). On the other hand, for the FE model validation studies 
conducted using W80 load test data, two critical loading locations on the cross-beam near 
the mid-span of the FBRW were adopted. Details about the locations of the W80 load used 
for validation the updated FE model are given in section 5. Further information regarding 
the large-scale laboratory static tests conducted for structural adequacy assessment of the 
FBRW bridge system can be found in the literature (Dhanasekar & Bayissa, 2011).   
 
3.3.1. Initial estimates for ‘global’ degradation level in FBRW component 
The ‘best’ initial estimates for the overall ‘global’ stiffness degradation level expected in 
the current FBRW system based on static response parameters obtained from Equations 
(21) and (24) for the initial FE model and static test results are presented in Table 1.  
Table 1: Stiffness parameters of the FBRW: ‘initial’ FE model analysis and static tests. 
Static Stiffness Parameters ‘Initial’ FE  Experiments Differences  
Structural (material) 
stiffness from Equations 
(22)–(23) (MPa) 
 
200 
( u = 4.55mm) 
 
171.7 
(u  = 5.3mm) 
 
 
-14.15% 
 
Static flexural stiffness, 
from  Equation (24) 
(MN/m) 
 
24.62 
 
22.5 
 
-9.40% 
 
From Table 1, the ‘global’ stiffness degradation level expected in the current FBRW system 
obtained from the mean value of the percentage differences in the updating static stiffness 
parameters (i.e., from initial FE model and static tests), becomes about 11%. This initial 
observation is crucial when it comes to the effective implementation of the proposed FE 
model updating process and the likelihood of its convergence to the ‘real’ parameter values.  
 
3.3.2. Initial estimates for degradation level in folded plates deck of FBRW  
Based on the extensive visual inspections performed, ultrasonic flaw detection and 
thickness examination data, the degradation of the folded plate decks was estimated as 50% 
due to corrosion and fatigue. Further 5% to 10% stiffness degradation of the folded plates 
can also be assumed due to the visually observed poor weld quality due to corrosion at the 
connections between the folded plate deck members and the main structural members of the 
FBRW which significantly compromised flexural stiffness of the folded plates. These 
observations can be evidenced from Figure 2(a). The stiffness degradation in the folded 
plate deck members (or substructures) of the FBRW system was, therefore, taken as 55%. 
 
3.3.3. Initial estimates for degradation level in primary members of FBRW 
In general, from visual inspection, the structural condition states of the main structural 
members of the FBRW were found to be good (Figure 2(b)). An extensive ultrasonic 
examination conducted on the FBRW indicated loss of plate thickness and deficiencies in 
the welds at some locations of the main structural members. In some primary structural 
members of box cross-sections, an average thickness loss of up to 1mm was reported, 
which is equivalent to about 10% loss in the structural moment of inertia. Hence, for FE 
model updating purposes, about 10% initial estimate for the stiffness degradation is 
assumed as a good start for the FE model updating purposes. 
 
3.3.4. Final FBRW Model Parameter Estimates using Static Test Data 
Only a limited number of FE model re-runs were required (i.e., up to 3 runs for a ‘global’ 
parameter and up to 10 runs for ‘substructure’ parameters) to obtain the ‘final’ updated 
values of the structural stiffness parameters of the FBRW including the level of degradation 
expected in the current FBRW system. A summary of the updated stiffness parameters is 
provided in section 3.5. In Table 2, static response parameters of the FBRW are presented 
and the maximum prediction error summarised. The maximum error obtained for local 
structural response parameters (strains), which are often difficult to replicate with greater 
accuracy, is only about 8.8%; whist the percentage error observed for the displacements 
was found to be below 2%. Similarly, the comparative results for the flexural stiffness of 
the FBRW system obtained from the load-deflection relationships also indicate very good 
matching with the results obtained from the W80 serviceability load test.  
 
  
Table 2: Comparison of static responses of FBRW as obtained from the updated FE model 
and static tests. 
FBRW Static  Response  
Parameters  
Updated FE 
Model 
W80 Load 
Test 
Max Updating 
Error (%) 
Mid-span deflection (mm) 5.3 5.4 1.9% 
Static flexural stiffness (MN/m) 21.2 22.5 -5.8% 
Bending strain at mid-span in the 
main box girder (Microstrain) 
135 (top) 
173 (bottom) 
129 (top) 
159 (bottom) 
4.7% (top) 
8.8% (bottom) 
Shear strain at the web of the main 
box girder (Microstrain) 
124 114 8.8% 
 
3.4. Method Based on Vibration Testing and Model Updating 
 
Forced vibration tests were conducted on the single FBRW using the following resources: 
high speed data acquisition (DAQ) system from National Instruments equipped with 
LabView software, signal amplifiers and filter modules; model 333B30 ICP® 
accelerometers with a sensitivity of 100 mV/g, frequency range of 0.5 to 3000 Hz, 
measurement range of up to ±490 m/s2, mass of 4.0 gram; model 086D20 ICP® impact 
hammer with a sensitivity of 0.23 mV/N, measurement range of up to 22,240 N and mass 
of 1.1 kg (Figures 4(a)-(c)).  
 
  
 
 
Figure 4: Instrumentation setup used for the vibration testing of FBRW system: (a) 
accelerometers and added mass locations shown; (b) typical accelerometer and impact 
hammer used; (c) DAQ system. 
 
The following test parameters were adopted for the vibration test conducted: a sampling 
frequency of 2048Hz; sampling period of 8 seconds; number of data points per channel of 
16,384 and a sampling frequency interval (or frequency resolution) of 0.125Hz. In total, 26 
measurement grid points were covered in four test setup series using the nine channel DAQ 
system (as shown in Fig. 4(a)), in which two channels were used for the reference 
accelerometers while one channel was reserved for the impact hammer. For each test setup 
series, about 40 repeat tests were performed for ensemble averaging purposes.  
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Two sets of vibration tests were conducted on the FBRW system: (i) vibration test on the 
FBRW with no added mass; (ii) vibration test after applying a lumped added mass of about 
400kg (or 6% of the total mass of the FBRW system) near the mid-span (Figure 4(c)).  
In each test setup, a maximum of 45 impact hammer repeat hits were used to obtain 
redundant test data for ensemble averaging so as to reduce the effects of measurement noise 
and for other signal processing purposes.  
Consequently, vibration signal analyses were carried out on the two sets of data and the 
natural frequencies of the FBRW system were identified. Typical plots of the acceleration 
time history and the acceleration amplitude spectrum of the FBRW bridge component 
determined from the accelerometer sensors positioned on the central box girder are shown 
in Figures 5 (a) and (b), respectively.  
   
 
 
 
 
 
 
Figure 5: Typical plots of the vibration responses of FBRW obtained from the 
accelerometer sensors located on box girder: (a) acceleration time-history; (b) acceleration 
amplitude spectrum. 
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Similarly, the overlaid plots of the ensemble averaged frequency response functions (FRFs) 
obtained from the accelerometer sensors located on the central box girder with and without 
lumped added mass are presented in Figure 6. The frequency shift for the first resonance 
frequency due to the lumped added mass was found to be about 0.75Hz. A 6% added mass 
near the mid-span increased the first modal mass two fold – or, 12% (as Modal mass for 
first mode is ~1/2 total mass); this would mean a reduction of ~6% in first mode frequency 
of 13Hz = 0.78Hz. This is almost "spot on" to the experimental prediction 0.75Hz).  
As the experimental data is shown close to the analytical calculation, the vibration testing 
approach conducted in this paper using added point mass can now be regarded as reliable 
and applied to determine the current structural stiffness of real-life bridge structures with 
complex boundary conditions/ shapes. Therefore, this frequency shift is used to estimate the 
current dynamic / modal flexural stiffness of the FBRW using Equation (18). Importantly, 
the resonance frequency results obtained from the FBRW prior to the added mass 
application are employed for FE model updating and structural diagnostic assessment. 
 
 
 
 
 
 
 
Figure 6: Overlaid plots of the Ensemble averaged FRFs for accelerometers located on the 
main box girder with and without added mass. 
3.4.1. Initial estimates for degradation level in FBRW system 
The overall ‘global’ stiffness degradation of the current FBRW system based on vibration 
response characteristics as obtained from Equations (12)–(13) and (18) are presented in 
Table 3. Based on the results in Table 3, the average ‘global’ stiffness degradation level 
expected in the current FBRW system is found to about 10%. Further the stiffness 
degradation level of the folded plate decks was taken as 55%. 
 
Table 3: Comparison of the changes in stiffness parameters of the FBRW component as 
obtained from ‘initial’ FE model analysis and vibration tests. 
Updating Dynamic 
Stiffness Parameters 
‘Initial’ FE 
model 
Experimental 
tests 
Percentage 
Differences  
Structure (Material) 
stiffness from Equation 
(12)–(13) (MPa) 
200 
( f  = 14.75Hz) 
173.8 
( df  = 13.75Hz) 
 
-13.1% 
Modal flexural stiffness 
from Equation (18) 
(MN/m) 
26.57 24.8 -7.14% 
 
3.4.2. Final FBRW model parameter estimates using vibration response data 
In this second step of the multi-criterion FE model updating process adopted, the updated 
FBRW stiffness parameters were obtained in the context of sensitivity-based optimisation 
with sufficient accuracy. The accuracy of the updated FE model was benchmarked using 
the vibration response parameters - resonance frequencies and modal flexural stiffness with 
the pre-determined convergence criteria (see Table 4) where only a limited number of FE 
model re-runs were needed to obtain acceptability in the results. The updated FE model 
analysis results agree well with the experimental vibration tests for up to 100Hz - only a 
maximum error of -4% was observed for the 6th modal flexural frequency. These results 
demonstrate the accuracy and reliability of the updated FE model of the FBRW system. 
 
Table 4: Responses of FBRW obtained from the updated FE model and vibration tests. 
FBRW Vibration  
Responses 
parameters 
Updated  
FE model  
(No Added 
Mass) 
Updated  
FE model  
(with Added 
Mass) 
Vibration 
test  
(No Added 
Mass) 
Vibration 
test  
(with Added 
Mass) 
Maximum 
updating error 
(%): Test vs. 
FE model 
Modal Frequency (Hz): 
1st flexural mode 
1st torsional mode 
2nd flexural mode 
3rd flexural mode 
2nd torsional mode 
4th flexural mode 
2nd torsional mode 
1st flexural & 
torsional mode 
6th flexural mode 
13.77 
26.51 
29.62 
34.24 
47.42 
50.11 
59.69 
 
77.22 
95.60 
 
12.95 
26.21 
28.99 
33.87 
47.39 
49.85 
59.64 
 
74.88 
95.09 
13.75 
26.5 
28.75 
35.0 
47.65 
49.5 
60.25 
 
75.75 
91.75 
13.0 
26.5 
28.5 
34.75 
48.25 
50.0 
60.5 
 
74.0 
91.25 
 
-0.15 (0.38) 
-0.04 (1.09) 
-3.03 (-1.72) 
2.17 (2.53) 
0.48 (1.78) 
-1.23 (0.30) 
0.93 (1.42) 
 
-1.94 (-1.19) 
-4.20 (-4.2) 
Flexural Stiffness (MN/m): 
Modal flexural 
stiffness (MN/m) 
23.0 - 24.8 - 7.26 
 
 
3.5. Discussions  
 
The main updated FE model parameter results obtained using the multi-criterion approach 
are summarised in Table 5. These  results show the undamaged (or pristine) stiffness 
parameter values and the absolute values of the ‘final’ updated current FBRW material 
stiffness properties, which are 180GPa and 80GPa for the main structural members and the 
folded plate decking members, respectively.  
 
An overall material stiffness value of 172.5GPa was obtained from the updating process. 
However, the validation analysis results show that better model results can be obtained 
particularly for local strains and stresses if substructure stiffness updating is employed 
instead. This observation agrees with the visual inspections which show significant 
stiffness degradation concentration in the folded plate decking members that cannot be 
overlooked (see Figure 2). 
Table 5: Summary of the final updated stiffness parameters of the FBRW bridge 
components. 
FBRW structural  Pristine stiffness Updated changes Updated Updated stiffness 
(a) 
parameters parameter values  in stiffness stiffness ratio values  
Overall FBRW 
system  
200GPa -13.75% 86.25% 172.5GPa 
 Primary 
members 
200GPa -10% 90% 180GPa 
 Folded plate 
decking systems 
200GPa -60% 40% 80GPa 
 
 
5. EXPERIMENTAL VALIDATION STUDIES  
 
Further validation studies of the updated FE model of the FBRW system were carried out 
using the W80 serviceability load test. For this, two critical locations in the cross beams 
were identified (i.e., one shear dominated and the other bending dominated).  
The first critical location was at an eccentric distance of 400mm from the center of the 
cross-section of the box girder; the second location was near the connection between the 
cross-beam and the edge Z-beam (as shown in Figures 7(a)-(b) and 8(a)-(b), respectively).  
W80 serviceability load of 112kN was employed.  
 
 
 
        
 
 0.40m 
5.791m 
10.058m 
(b) 
(a) 
 
 
 
Figure 7: W80 serviceability load test (load position 1): (a) test setup; (b) updated FE 
model.  
 
   
 
 
 
 
 
Figure 8: W80 serviceability load test (load position 2): (a) test setup; (b) updated FE 
model. 
 
The validation results obtained for displacements for the two W80 locations are presented 
in Figures 9(a)-(b) and 10(a)-(b), respectively. Similarly, the validation test results obtained 
for bending and shear strains for W80 load position shown in Figures 8(a)-(b) and 11(a) are 
presented in Figure 11(b). 
These results in Figures 9, 10 and 11 demonstrate close agreement between the numerical 
analysis and the measured response data. It can, therefore, be claimed that the updated FE 
model approach presented in this paper is validated and the model can be reliably applied 
(b) 
5.791m 
10.058m 
for various realistic structural response predictions and adequacy assessment of a disused 
FBRW system with greater confidence. 
 
 
 
 
 
 
  
 
Figure 9: Displacement responses obtained from the updated FE model and W80 
serviceability load test for Load Position 1: (a) along the main box girder; (b) along the left 
edge beam. 
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Figure 10: Displacement responses obtained from the updated FE model and W80 
serviceability load test for Load Position 2: (a) along the main box girder; (b) along the left 
edge beam. 
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Figure 11: Strain responses obtained from the FE model and W80 serviceability load test: 
(a) W80 load and strain sensor positions; (b) predictions of strains. 
 
 
7. CONCLUSSION 
 
This paper has presented a multi-criteria two-step updated FE model updating technique for 
nondestructive diagnostic structural condition assessment of a decommissioned full-scale 
flatbed rail wagon relevant to low-volume road bridge applications based on physical and 
numerical tests test data acquired from static and vibration testing, visual inspection, 
ultrasonic testing and finite element model analysis. The significant contribution of the 
multi-criterion based two-step FE model updating strategy employed is that the structural 
degradation level in a disused FBRW involving complex grid structure has been established 
systematically without involving significant difficulties often encountered in inverse 
parameter estimation methods by combining engineering insight based on visual and NDT 
inspections, nondestructive static and vibration testing, FE analysis, sound analytical 
relationships between the static/dynamic responses parameters and changes in the physical 
structural stiffness properties and sensitivity-based analysis and by way of direct model 
parameter perturbation analysis.  
 
The validated results demonstrate the reliability and versatility of the updated FE model; 
there are no significant variations observed between the results obtained from the updated 
FE model and various sets of full-scale test data. Hence, the technique presented in this 
research appears to have significantly contributed towards the real-life structural integrity 
and load capacity assessment of a disused complex structural system relevant to low-
volume, high-axle load road bridge rehabilitation and replacement applications. The 
following conclusions have emerged from the investigation: 
1. The use of multiple and independently obtained sets of test data in this investigation 
has provided greater confidence in the results of the FE model updating and 
diagnostic assessment of a complex potentially degraded large-scale structure. 
2. The multi-criteria based two-step FE model updating approach employed has 
provided an innovative strategy to overcome the practical difficulties inherent in 
inverse model parameter estimation techniques. 
3. The FE model updating results illustrate that the vibration-based response 
parameters have converged to the test results more accurately than the static 
responses parameters. 
Finally, Specific further detail on computational steps implemented with regard to multi-
stage finite element updating approach employed for field performance testing and 
structural capacity assessment of a real life low-volume Road Bridge is a work in progress 
and will be presented in the future reports.   
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